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Summary

The results of modeling and field data analysisgest that use of resonance seismic emission
can solve the problem of tunnel detection and becam easy-to-use technology. Human
activity in the tunnel can be detected as well.e Tlecessary steps towards completion of such
technology are suggested.

Sitesfor thefieldwork

During the first phase of the project a search ateptial targets for field data acquisition was
performed. We considered the WWII military undergrd facilities inMarin Headlands
abandoned mines Black Diamond Mines Regional Preseraad a Bld46 adit (A46) located on
LBNL's territory.

Marin Headlandgunnels and underground facilities (Figures 1-&yavnot accepted as targets
because of their large sizes (usually more thareters in diameter), heavy and thick concrete
armor (not typical for objects of interest) andraisg ambient noise coming from a nearby ocean
coast line.

Black Diamond Mines present a significant interfest the project goals. While there is no mining
activity there, they are still in good shape ancessible. This area is located 40 miles from tale &nd
has many tunnels giving a variety of choi¢Eggures 5-6) Black Diamond Mines can be considered as
a potential object for data collection for the ngtetge of the project.

LBNL and DARPA agreed that Bld46 aditigure 7)is the best choice to achieve the project's goals,
where the main field work will be concentrated. 6A#as originally built in nineteen forties in order
supply water for the city of Berkeley. The examtdth of the adit is unknown because after 12 fifoe
entrance the adit had collapsed. In the 60-s tiggnal wood liner of the adit was enforced by $tee
frames and 10 cm thick shotcrete. Adit is horiaband goes into a steep 35-25 degrees hill. Thish
mostly covered by soft soil with unknown thicknessl has several bedrock outcrops composed of shales
(Figure 8). A46 has a symmetrical trapezoidal shiagving 4 ft at the base, 3 ft. at the top antii f
height. More detailed history of A46 can be foumthe Attachment 1.

Numerical modeling

Computations were done using PC desktop computdr @vilntel quad-core processors and 32 Gb
memory size. This configuration allowed running Ry elastic finite-difference code for the moslel
up to 800x800x800 grid size. Parallelization waplemented automatically through Intel Visual Famtr
compiler.

The goal of the modeling was to provide some chlesut resonance wave excitation in the void objects
and explain the obtained field data. In the oagioublication Korneev, 2009 the resonance emission
was observed for a barrel filled with water andcplhin a packed sand with both propagation vekxiti
being smaller than P- velocity in the water. It clear yet, which waves generated resonanags an
whether or not similar resonances can be excitéoeinunnels filled with air.
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The model consisted of a homogeneous block 15mxxX35m with a cylindrical pipe directed along x
axis. The computations were done for four profieth 70 data points each: A - going across the
cylinder's center wall along y axis, B - at 6 mabthe cylinder y axis and parallel to it, C - piiao x
axis right above the cylinder, and D - a circulesfile of 5 m radius and co-centered with the ayén
(Figure 9). The parameters of the elastic embegddiadium were Vp=500 m/s, Vs=250 m/s, density = 2
g/cn?. The sound velocity in the air was 330 m/s. basity of the air was artificially high and equal
0.1 g/cni because of the FD code stability issues.

During the numerical modeling we changed the cgincdius, source type and position, cylinder inner
filling, model size, and the source frequency cotite

Figure 10 shows the trace at the source and itditang spectrum for a cylinder with 1 m radiusdil
with air, when a p- plane wave is generated asthece. Similarly to the barrel case, the souregy
dominates in the record. The traces for all fousfifgs are shown on Figure 11 where long lasting
resonance wave is visible. These waves becomenegsmvisible when the first strong arrivals are eaut
(gated) (Figure 12). Note the "hyperbolic" movedotsthe profile B.

Stacked autocorrelation spectra computed for gatedes of the profile B reveal a set of sharp
resonancepeaks (Figure 13). Field snapshots dhathearrivals show surface waves propagating along
the cylinder wall and circular waves (resonancession) carrying energy away from the object (Figure
14), while in the y=const. section the waves prapagut without any significant changes in phases
along x direction. How significant is the fluidifapresence in the void? Figures 15-18 suggestith
absence of the fluid the resonance emission i$ @tdsent in data, in this case attributing this
phenomenon to the Rayleigh-type waves. Decreaskeotylinder radius predictably shifts the peaks
positions to the higher frequencies (Figures 19-20%e of a plane wave (Figure 21) reduces amolunt o
excited peaks compare to a point source (Figure 17)

Increase of the void radius excites more low-fregyeharmonics (Figure 22). To make sure that the
observed peaks are not the results of some nurharitfacts the data for the voids were comparetth wi
the data for the purely homogeneous model in ttee(&ter 0.2 s) arrivals (Figures 23-24). Alse trid
size of the mesh was changed by the factor of flie results of comparisons validated the used
approach. Same models were used at a lower (s2ifdguency range (Figure 25). The results (fgur
26-27) showed that the same (realistic) modeldHertunnel can excite resonances at frequenciesvbel
100 Hz.

Fieldwor k

The fieldwork in the adit was preceded by a sesfesafety testing and training. The adit has #ohysof

a mercury spill and small intensity radioactive enetl placement. The test results for the chemacal
radioactive contaminations were negative. The adid was examined by structural engineers to ensur
its safety as it was required by Lab's H&S officdiise LBNL' team had gotten the fall protectiorirtiiag
because of the need to work on a steep slope. @thia drilling of the adit's wall (for accelerators
mounting) a special gear and mask was used by aratmp to prevent a respiratory damage. The entire
crew was supplied by two-way radios, boots, hasjtaatd protective glasses.
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There were three field surveys Aditl, Adit2 and t&diin which Geode (Geometrics Inc.) 24 channel
recording stations were used. The first day (Mfideas used for setting and testing while the dadata
acquisition was done on Saturday to minimize no@ming from traffic. We recorded seismic waves on
a surface by 24 channel lines with GC20DM OYO gem@as. Inside the adit the recording was done
using accelerometers (797L, Wilcoxon Research.Inc.

Water was applied to the soil in the vicinity offsice sources and receivers to improve coupling.

Aditl (took place on 05/21/2009-05/21/2009) waslat gurvey aimed to measure the spectral contént o
the recordings and the noise level, when one gamplioe with 5 ft spacing and ten accelerometethén
adit with 12 ft spacing were used (Figure 28). §hephone line was oriented orthogonally to thé¢sadi
central axis on approximately same elevation cngstie projection of the adit's axis at 90 degierdhe
middle of the line. It was intersecting the tunaxis at the far end of the supported part of tlig which
was along a paved path going across the slop¢hatrsurvey the noise content and the range ofexkci
frequencies were evaluated. Two Geode stations ugae for recording.

Adit2 survey (08/21/2009-08/21/2009) took an adagetof scheduled maintenance (shutdown) of the
electrical power system in several buildings closeshe adit in order to provide minimum electtiaad
acoustical noises coming from nearby. This time ge@phone line S1 was oriented uphill startingnfro
the adit's entrance with 5 ft spacing. The othee I52 had the same position as in Aditl. Twenty
accelerometers were used in the adit with 4 ftisga(Figure 29). Three Geode stations were used for
recording.

In Adit3 experiment (11/21/2009-11/21/2009) thelig2 was moved to the steep slope part intersecting
the adit's central axis above the middle of the¢ @di' from the entrance). Ten more acceleromeaters
added, so the adit was covered with 25 recordingtp@long the wall with 4 ft spacing, and 5 extra
accelerometers were used in addition to the exgidtiom the linear profile to cover the perimetertiod
vertical cross section at i9 position (Figure 38ur Geode stations were used for recording. At the
second half of the Adit3 all accelerometers weneuttianeously recording 3C motion of ten pointshaf t
vertical cross-section at i9 position to recordapiaation of the waves inside of the adit. Mukiglource
excitation (16-20 times) was used for suppressimigenby stacking. At the surface three sourcetpoin
P1, P2, and P3 were located along the S2 profitetoereceivers #5, #13 and #18. Excitation wasedo

in West-East direction (parallel to the S2 profii@)North-South direction (parallel to the adéds, and
vertically.

A sledge-hammer was used as an outside souragghéttivooden block normally and tangentially to the
ground. The sledge-hammer and a hammer were gssoleces inside of the adit hitting the adit'slsval
and the floor. In Adit3 survey a walking personsvedso used as a source, aiming to provide sones clu
for tunnel activity detection. Photos from FiguBds33 provide an additional information about thedf
work setting.

Field data

Recorded seismograms look quite repeatable (Figdiierevealing direct P- and S- waves in both serfa
and adit receiver lines. Velocities of these wawese estimated as Vp=603 m/s, Vs=302 m/s from the
geophone line and as Vp=720 m/s, Vs=410 m/s fraaratttelerometer line. Higher velocities in the adit
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are likely the result of wave propagation in roekereas for the surface line wave propagationfectdd

by soft soil with variable and unknown thicknessalysis of spectrograms (Figure 35) for shots @ th
adit reveal presence of frequency peaks at 86 Hx Hiz, 235 Hz, and 275 Hz, which are distinct fdit a
line and can be also traced on the surface lifke ifiteresting feature of the 86 Hz peak, is thdhct its
value is changing depending on an accelerometatiqgug-or source i21 (lower panel on Figure 3@ th
resonance happens at 90Hz at the adit entrancaalladecreasing to 86 Hz farther inside. If therse
position moves away from the adit entrance (Figdé this effect vanishes. This resonance is of our
primary interest because this is the lowest frequemhich gives hyperbolic moveout (Figure 37), and
therefore is likely connected with the adit. Thesms of the frequency dependence on the distaong al
the adit will be discussed later. The value (86)HH this resonance changed to 89 Hz for the survey
Adit2 and Adit3. This temporal change can possibé/ explained by variations in rock/soil water
saturation. In the following we will call this resancefrequency frequency (AF) to avoid a confusion
due to its variability. While during Adit2 the sailas dry, the othe two surveys took place aftevhea
rains. Local shales are very fractured and knowrtHeir high water storage capacity. The recorde al
show other spectral peaks at lower frequenciesglwhowever did not show obvious hyperbolic shape
with one exception of human walk case, that wildscussed at the end of this report.

Ambient noise spectra for geophones (Figure 40)amoglerometers (Figure 41) show presence of many
spectral peaks. However, there are no peaks imatmge of 80-100Hz, which indicated that the AF is
generated by the adit. AF clearly appears in daaaconcrete base on the top of the hill (see EI@®D) is

hit by a sledge hammer. However, in this case itoisclear if the source can be regarded as acsurfa
source, because the base is connected with theiaditeel pipe.

Ambient noise (Figure 43) during Adit3 survey wasydifferent than in the previous survey. It was
much more intensive and had a different spectmalertd (Figures 44-45). AF was not visibly presient
the noise. In the adit the excitation was done ftbm points i1, i9, and i17 (see Figure 30) whére i
projection on the surface was close to interseabprofiles S1 and S2. Example of geophone record
from i9 location is shown on Figure 46. Early aats/at the end of S1 are likely caused by fast wave
propagating in the shotcrete casing of the adidnide of accelerometer record from i9 locatiorhisven

on Figure 47. First body waves arrivals are domiirsgmilarly to the case of barrel and to the ressaf
numerical modeling. Figure 48 shows a trace reabidese to the intersection of tprofiles S1 and S2
from the source point i9. The resonanceemissiong wearched in the gated traces (Figure 49, upper
panel) where only late arrivals in 0.2 - 0.45 ingdrwere left. Amplitude spectrum of bandpass{400

Hz) filtered traces reveal distinctive peak at AMglre 49, lower panel). Figure 50 shows the saawet
without bandpassing. It has two more resonancepal® Hz and 21 Hz. On a stacked spectrum (Figure
51) just 21 Hz peak survives. Acceleration datAdiit3 survey is rather noisy. Figure 52 (upperegipn
shows an example of a trace recorded in the aifiter 0.04 s the signal becomes lower than theenois
level. Gated late phases have many peaks inclulingSome traces which were within 10 ft from the
source were clipping the signal (example is on FEdi8). Such things were not happening in Aditl and
Adit2 surveys. High noise level and higher recogdigain could be a reason for this. Stacked
accelerometer spectrum is shown on Figure 54. 3éstrum contains AF peak, however it does not
have the highest value. Spectrogram for the adit €h(Figure 55) shows consistent presence of M\F i
geophones.



Unless specified separately, data shown in the figutes were pre-processed using the following
procedures: raw traces were gated leaving justaateals after 0.2 s, then they were bandpassrditt
above 60 Hz, and then traces were separately niazgdalo remove the effects of geometrical spreading
and attenuation.

Spectral signatures of late arrivals show stabdfter comparing three sets of geophone data rodtai
from the same shot point after an hour of timeedéhce (Figure 56). Values for resonancefreqesnci
obtained from different shot points stay the sabug,relative peak values vary (Figures 57-58). siMo
effectively AF is excited from the middle pointtine tunnel. Most effectively the resonancefreqiesnc
were excited in the adit by applying the verticétb hshowing the same resonance frequencies from
different source positions (P1, P2 and P3). No& #ppearance of AF in the adit from surface shots
reveals stability of resonancefrequency indepergeinom the source frequency content. Similar
behaviour was observed for other combinations dé:dgeophone data excited from three different
positions (Figure 60), using three different souocientations (Figure 61), accelerometer data edcit
from the surface in horizontal direction.

Narrow band-pass filtering around AF for the sibgave hyperbolic shape for the data on profile S2
(Figure 63) similarly as it was shown in the Adstlrvey (Figures 37-38). The same effect givesrfilg
around 21 Hz resonance frequency for shot i9 inatfie (Figure 64), and for vertical shot in P3 e t
surface (Figure 65).

Numerical modeling of the adit with background ities Vp=720 m/s, Vs=410 m/s, and density 2
g/cm3 was done for a point source placed in thiet§8.5, 11.0,11.0) to avoid pure symmetry in orie
excite more possible harmonics. The x=7.5 m sr&ph0.2 s (Figure 66) shows propagation of Quasi-
cylindrical waves coming from the adit. Figure 87ows the same wave field in y=7.5 m section.
Similarly to the field data scheme the recordingfifgs S1 and S2 were forming a cross with S1 fwofi
oriented parallel to the adit's center axis andilpr&2 oriented perpendicular to this axis. Rawadeling
data are shown on Figure 68 (note a green lighteckton S2 profile showing a big difference in
amplitudes for the first and late arrivals).

Figure 69 shows just late arrivals after mutingésabefore 0.15 s. Figure 70 shows amplitude spett
traces from Figure 69. An important feature of the®mputed spectrograms is constant values of
frequency peaks positions. Another (surprisingtdfee is a strong variation of amplitudes for epehk
with receiver position.

Comparison of the field and modeled data is showfigure 71, where stacked amplitude spectra of FD
modeling are plotted on top of the data recordatiéradit and by geophones.

The highest peak on modeled data occurs at 88ddméncy, which corresponds to AF peak and present
practically on all field data. Small peak at 22 (Frgure 72) might be related to the observed addkl

Hz (Figure 51). Figures 73-76 show narrow banskgditered traces with correspondingly 53 Hz, 88 H
118 Hz, and 154 Hz resonance frequencies selaaedrhodeled results for profile S2. All of the pha
changes exhibit hyperbolic moveouts, indicatingespnce of a localized contrast object. Introductf

a slope in the model (Figures 77-78) brought sorhanges in the correspondent spectrograms.
Resonance peaks showed some variation in frequeasiea function of their position in the profile
(Figures 79-80). For example, a 27 Hz peak drsatface of profile S1 end up at 29 Hz valuehia last
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receiver, which is closest to adit's "entrancely(if¢ 80). This is consistent with similar behawbithe
AF peak observed in Aditl survey (see Figure 36).

Finally, the human activity in the adit was recatde the field experiment. A person was walking khi
recording for 12 seconds long. Figure 81 shows eoiepn of noise and "while walking" records
bringing a definite conclusion that walking in thdit can be detected. Narrow band-pass filteohg
these records around 13 Hz frequency gave a cigaribolic signature (Figure 82).

Discussion

Modeling results suggest that resonance waves xianie tunnels, and that these waves can be @kcite
and recorded remotely due to seismic resonancesiemidn absence of very complex surface topography
the resonance frequencies stay constant in théiresawhich brings a possibility of using pattern
recognition techniques for tunnel parameter evedoat

Field work environment used in the project had beiner complex which involved several factors hsuc
as:

1. Complex geology (see map from Figure 8) where different types of rocks co-exist in nearby
vicinity and most likely generate extra unwantefietions. Contact between soft soil and bedrocé is
complex and generally unknown. Some sensors wanggal in outcrops.

2. Complex topography, that likely generated exéfhections and affected effective rock parameters
surrounding the adit.

3. Uncertain quality of contact between shotcrett rack could affect the data.

4. Nearby buildings were likely extra reflectoos the recorded waves superimposing the waves gpmin
directly from the adit.

5. Working fans, electrical motors and machinerpéarby buildings.
6. Closeness of multiple electrical power lines.

7. Close open entrance of the adit and the védieal pipe served as traps and conductors faowsr
acoustical noises.

8. Noise coming from the water flowing in a drajeachannel under the adit's floor.

Despite of these conditions AF peak is presentactjrally all data and for some shots a correspond
hyperbolic moveout was observed. Similar moveolt alao observed for 21 Hz frequency using sources
both in the adit and on the ground. Unlike theddazase the observed hyperbolas are not ideahawne
some phase shifts along the profile. This obsesxmatias several likely explanations. First, the
discontinuous moveout can be always observed amlyhe fundamental mode when the object radiates
isotropically in all directions. All other modearmot radiate purely circular waves with a conspénatse.
Modeling data confirms this statement. Second, icomplex environment we simultaneously record
interference between waves coming from the targgtod and waves reflected from other heterogerseitie
Surface data recorded in 2D should allow separdtinge waves during 3D imaging. Third, traveltimes
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(phase patterns) can be affected by variable wglodiherefore, the obtained "hyperbolic" patteiowk
realistic and should not be a burden for imagingdifg of hyperbolic signatures in data is not guieed
step for imaging, but rather serves as an indidasttrsuch imaging will be successful.

Modeling showed a small peak at 22 Hz which mightrélated to the observed peak at 21 Hz. The
difference in their amplitude can be explained bghbr attenuation of high frequencies in rocks.

Numerical modeling did not use any attenuation raa@m. Also, this peak had highest amplitude when
the source was applied to the adit's floor. In tiedeling we had used an external source simulating
excitation of resonances from the surface.

High noise level did not allow studying polarizatiof tunnel wall motion.

Modeled data for the adit model gave a good ftheoobserved frequency peaks above 50 Hz. AF peak i
the most prominent feature of the modeled spectrais suggests feasibility of modeling approach in
developing of tunnel detection methods.

Tunnel activity (walking inside of the tunnel) dataowed striking difference compare to just the iamtb
noise pattern. The records indicate that besidéstection of such activity it is possible to deterena
location of the tunnel.

Conclusions

Observed and modeled data are consistent and faedioa possibility of tunnel detection using seismi
resonant emission.

Specially developed software would allow a realetimnnel detection and location.

Human activity in a tunnel is detectable usingre@svaves.

What is next

Before the tunnel detection can become an easgedachnology, several problems need to be solved.

1. Imaging of the tunnel in 3D. So far, in allpéipations (the barrel and the adit) the main s&dime
was oriented across the object's central axis, mgattétection especially easy, because it can be ion
2D. In practice we would not know the tunnel of@&ion, which should be determined in the procdss o
imaging.

2. Optimal source and sensor array requiremergd teebe formulated depending on the expected tunne
parameters.

3. Use of ambient noise for tunnel detection need® studied.

4. Simple and automated background velocity evelnaeeds to be developed and tested, so in peacti
that can be done by an operator without speciaiMletge about seismic wave propagation.

5. Use of wireless sensors (of a base of MEMSs) @eirhplify the practical applications.



To solve these problems, several (at least twalifferent geological environments) more 2D data set
need to be collected for known existing tunnelg] asing both active sources and ambient noiseckBla
Diamond Mines seem like an ideal site for the riekdwork, because it provides an access to a tyaoie
tunnels with different depths, diameters and egeipimThe collected data, complemented by the esult
of numerical modeling will serve as a benchmarktfigr tunnel technology development, which will lead
to development of a easy-to-use software allowaad-time robust tunnel detection.
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Figurel. Marin Headlands drainage tunnel.

Figure2. Marin Headlands. Tunnel under 101 freeway.
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Figure4. Marin Headlands. Fort Barry tunnel.
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Stacked Autocorrelation Spectra
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Figure 13. Stacked autocorrelation spectrum of the tracg$r{Bn Figure 12.

Figure 14. Sesmic field snapshots for the case of FigureatlD.2 s. Resonance emission waves
propagate as quasi-spherical waves away from thedey (left panel) while for y=const. the waves
phases are almost constant along the x axis (ighel).
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Figure 15. Traces recorded for a void cylinder with 1 m tesdfior a point-pressure source. Despite the
absence of material inside of the object, the rasoe waves dominate the late arrivals.
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Figure 16. Same as on Figure 12 with first arrivals mutedible are durable oscillations of the resonant
emission.
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Stacked Autocorrelation Spectra

Amplitude [9%]
h
(==}

e} 100 200 300 400 500 EO0 700 aa0 00 1,000 1,100 1,200
Frequency [Hz]

Figure 17. Stacked autocorrelation spectrum of the tracams ffigure 16. Note similarity of peaks with
those from Figure 13.
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Figure 18. Sesmic field snapshots for the case of void apthae incident wave at 0.2 s. Resonance
emission waves propagate as quasi-spherical wavesg feom the cylinder (left panel) while for y=cdns
the waves phases are almost constant along this xright panel).
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Figure 19. Late arrivals for traces recorded for a void myér with 0.5 m radius for a point-pressure
source.
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Figure20. Stacked autocorrelation spectrum of the trées Figure 18. Note the shifts towards the
higher frequencies for the resonant peaks compartftbse from Figure 17.
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Stacked Autocorrelation Spectra
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Figure21. Stacked autocorrelation spectrum of the trémea cylindrical void with 1 m radius and an
incident plane p- wave.
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Figure 22. Stacked autocorrelation spectrum of the tréges cylindrical void with 1.5 m radius and
an incident plane p- wave.
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Figure 23. Stacked autocorrelation spectrum of the latwadrtraces of the profile B for a cylindrical
void with 1.0 m radius (blue line) and a purely loganeous model (red line). This result suggests th
the resonsnt peaks are not artifacts of the cortipatapproach.

22



Stacked Autocorielation Spectra

EB 3B EE

o
=]

Ampitude [%]

BB

e
o

man. i

0 20 40 &0 B0 100 120 140 160 180 200 220 240 260 260 300 330 340 360 380 400 420 440 460 480 S00
Fraguency [Hx]

(=]

Figure 24. Stacked autocorrelation spectrum of the latwadrtraces of the profile C for a cylindrical
void with 1.0 m radius (blue line) and a purely loganeous model (red line).
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Figure 25. Trace record at the point source (upper panet),its amplitude spectrum (lower panel) for
lower frequency source.
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Stacked Autocorrelation Spectra
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Figure 26. Stacked autocorrelation spectrum of the latwadrtraces of the profile B for a cylindrical
void with 1.0 m radius (blue line) and a purely laganeous model (red line) at lower frequencies.
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Figure 27. Stacked autocorrelation spectrum of the latiwadrtraces of the profile B for a cylindrical
void with 1.0 m radius (blue line) and a purely laganeous model (red line) at lower frequencies.
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Figure28. Survey Aditl included one 24 channel geopHomewith 5' spacing and 10 accelerometers
in the adit with 12' spacing.
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Figure 29. Survey Adit2 included two 24 channel geophbimes S1 and S2 with 5' spacing and 20
accelerometers in the adit with 4' spacing.
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Figure 30.  Survey Adit3 included two 24 channel geophtines S1 and S2 with 5' spacing, 25

accelerometers in the adit with 4' spacing, anddglarometers in the perimeter of the verticalisacat
i9 source position.

27



F "

Adit's Entrance

Elevations of geophone Line 2 in
Aditl, Adit2 and Adit3 surveys

Figure3l. Close and far views at the field site.

Figure32. Recording (left photo) and source (right phatpégrations.
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Figure 33.  Accelerometer mounted on the adit's wall (j@fbto) and a geophone on a surface line

(right photo) .

Accelerometers

in the adit

Sec

Geophones

at surface

125 | afiow| Jwsies

siapea

ol

Figure34. Data from repeated surface shots recorded gidviitl survey.
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Figure 35. Spectrogram of repeated shots in i15 (Aditieyk. Red arrows indicate frequency peaks
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Figure 36. Spectrograms for shots in the adit (Aditl surveources at i7 (upper panel), i15 middle
panel and i21 (lower panel). Note the resonan&® &tz.
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Figure 37. Adit (i15) hammer shot (Aditl data). Traces 25248belong to geophone profile. Traces 1-
10 are accelerometers attached to the south aaif'svith 12 ft spacing. Traces are band-paseréid in
85-90Hz interval, and exhibit approximately hypditbhghape indicating that the waves are radiated by
the adit.
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Figure 38. Same as on Figure 37 for the i21 shot.
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Figure42. Average spectra of late phases in the adit afsdedge hammer hit of the concrete base near
wellhead (Adit2 survey). Note a resonant pealQati9.
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Figure43. Ambient noise records (Adit3 data).
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Stacked Spectra
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Figure44. Stacked amplitude spectra of ambient noise ®ggophone data (Adit3 data).
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Figure 45. Upper panel - stacked amplitude spectra of anhlrieise for the accelerometer data (Adit3
data). Lower panel - detail view of lower frequiescpart .
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Figure 46. Geophone traces from i9 hammer shot. Tracesldelshg to geophone profile S1 (Sensor 1
is uppermost on top of the hill). Traces 25-48 bglto orthogonal (North-South) geophone profile. S2
Per trace normalization.
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Figure48. Adit (i9) hammer shot (Adit3 data) recorded abgfgone #15 (middle of S1 profile).
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Figure 49. Adit (A9) hammer shot (Adit3 data) recorded abgwone #15 (Figure 48 ). Upper panel -
gated (0.2 - 0.45 ms) and bandpass (70 - 400 He)efil trace. Bottom panel - amplitude spectrthef
trace above (red) and the raw trace (green). I@leeible is 89 Hz resonant peak.
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Figure 50. Adit (A9) hammer shot (Adit3 data) recorded abg@one #15. Upper panel - gated (0.2 -
0.45 ms) and bandpass (15 - 400 Hz) filtered trd&sttom panel - amplitude spectra of the tracaveb
(red) and the raw trace (green).
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Figure51. Stacked geophone spectra for adit (i9) hammaer(gttit3 data).
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Figure 52. Typical accelerometer record (upper panel). dting (middle panel). Amplitude spectra
of the raw trace (green color) and gated ( alsapassed for 70 - 400 Hz) late phases (red color).
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Figure 53. Example of dynamic clipping for accelerometerorelc(upper panel). Amplitude spectra of
the raw trace (green color) and gated late phasdsflor).
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Figure 56. Repeatability of geophone responses for thraessef shots in i9 executed with one hour
interval.
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Figure 57. Stacked amplitude spectra of geophone recorddl f@red color) , i9 (blue color) and i17
(green color) shot points.
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Figure 58. Stacked amplitude spectra of accelerometer redpadiial component) for il (red color) , i9
(blue color) and i17 (green color) shot points.
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Figure 59. Stacked amplitude spectra of accelerometer rec@edlial component) for vertical surface
hits in points P1 (blue color) , P2 (red colo@nd P3 (green color).
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Figure 60. Stacked amplitude spectra of geophone recordsduical surface hits in points P1 (blue
color) , P2 (red color) , and P3 (green color).
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Figure 61. Stacked amplitude spectra of geophone recordshife in P1: North-South (blue color) ,
West-East(red color) , and Vertical (green color).

43



0 \II\III\I|I\II\II\I|II\II\II\‘II\III\IIl

0 100 200 300 400
Figure 62. Stacked amplitude sped¢trenpérmcklelometer reqoadial component) for West-East surface
hits in points P1 (blue color) , P2 (red colorhd@3 (green color).
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Figure 63. Adit (i9) hammer shot (Adit3 data). Traces 1-Zldmg to geophone profile 1 (Sensor 1 is
uppermost on top of the hill). Traces 25-48 beltmgrthogonal (North-South) geophone profile 2 .
Traces 49-73 are accelerometers attached to thie adit's wall with 4 ft spacing. Traces are baads
filtered in 85-90Hz interval. S2 traces exhilppeoximately hyperbolic shape indicating that theves
are radiated by the adit.
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Figure65. Same as on Figure 65, for a surface vertical &hB3 source location.
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Figure66. Wavefield x=7.5 m snapshot at 0.2 s for adit Fiodel.
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Figure67. Wavefield y=7.5 m snapshot at 0.2 s for adit Fiodel.
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Figure68. FD modeled traces for the adit model. S1 fwoiligned along the tunnel, while S2 profile
is orthogonal to the tunnel at 5 m offset from ¢katral axis.
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Figure 70. Amplitude spectra of traces from Figure 67. d®asit spectra remain constant in frequencies
but significantly vary in amplitude.
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Figure 71. Stacked amplitude spectra for: accelerometer adgth source in i9 (blue color),

accelerometer data with vertical source in P1 (bla@lor), geophone data with vertical source in P1
(green color), and vertical component for S2 peofif FD modeled data (red dashed line).
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Figure 72. Low-frequency part of the modeled spectrum hamall peak at 22 Hz. Compare to Figure
51.
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Figure73. FD modeled traces after gating in 0.15 - 0.88eyval and narrow band-pass filtering around

53 Hz.  S1 profile aligned along the tunnel, wHd2 profile is orthogonal to the tunnel at 5 nseff
from the central axis.
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Figure74. Same as on Figure 73 for 88 Hz.
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Figure76. Same as on Figure 73 for 154 Hz.
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Figure 77. Wavefield x=7.5 m snapshot at 0.2 s for adit Eldope model.
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Figure78. Wavefield y=7.5 m snapshot at 0.2 s for adit §lbpe model.
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Figure 79. Amplitude spectra of traces for the adit modeghwie slope. Traces were mutes before 0.15
S.

52



I Trace Set: uz001.txt

20.0 —F

| 105w | sfew|

30.0 7§

40.0 7

50.0 71

100.0

110.0

2 ioan

TR_#1: 111 TR_#2: 111 |Frequency: 6.10e+01 Hz Arnplitude: 9.5788e-08 Gain cB: 170.0 Sample rate: 2.44e+00 Hz Sarmples per trace: 2048

Figure80. Same as on Figure. Note the value of resonagquémcy change from 27 Hz to 29 Hz.
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Figure 81. Stacked amplitude spectra of geophone recordsafperson walking in the adit (blue color),
and an ambient noise (red color) . Middle panemshlow-frequency part of the full spectrum (upper
panel) and the lower panel shows band-passedgpaund 13 Hz.

54



a3 24 24

1 =4 24

2.1

2.2

2.3

IHDQﬁraﬁém[mmsms'

2.4

2.8

2.6

2.7

2.8

2.9

3.0

1. 78 | TR_#2: 78 |Time:3.D4e+DD-Sec |x—‘-.rnp S

Figure 82. Traces from S2 profile band-pass filtered arolBdHz show that the source of the sound
comes from the adit.

55



Attachment: Bld.46 Adit history

5

A
frreeer ‘m

’—\ ERNEST ORLANDO LAWRENCE
BERKELEY LAB BERKELEY NaTioNnAaL LABORATORY

30 March 2009
To: Rob Connelly
CC: Valeri Korneev
From: Preston Jordan

Re:  History of the Building 46 adit

This memo relays my knowledge of the history of $becalled Building 46 adit at your request.
The entrance to this adit is located up a shaghfliof stairs to the east of the southern end of
Building 46.

The context for this request is safety planningaiorexperiment testing the effectiveness of some
new geophysical methods at detecting tunnels. &kperiment involves installing geophones
both inside the tunnel and at the ground surfaaslging the tunnel, and generating acoustic
waves both at the surface and inside the tunned. gdophones inside the tunnel will likely be
installed via nondestructive means, such as clagnpnstructural members. Acoustic waves
inside the tunnel will likely be generated by mgithe floor and/or structural elements with an
intermediate weight hand hammer, for instance wegyhapproximately two kilograms.

As entry into the adit and interaction with itsustiural support system is part of the experiment,
knowledge about the adit’s history is a useful congnt of planning for the safe, as well as
efficient, conduct of the experiment.

I have previously transmitted to you copies of ¢hdeawings depicting the adit that | located in
the Facilities Division engineering drawing fileeays ago. You have made multiple copies of
these drawings for the project and your files, getdrned a set of copies to me.

The earliest drawing concerns provision of supfmran existing, unsupported adit. The date of
this drawing suggests the adit was excavated pitine founding of LBNL, then known as the
Radiation Laboratory, in the 1930’s.

Oral history from Harold Wollenburg, a former resdm geologist in the Earth Sciences
Division, suggested that the adit was excavateertioance flow from a naturally occurring
spring at the site. Wollenburg reported this wasicmn practice in the area at the end of tH& 19
and beginning of the 30century, when Berkeley’s entire water supply waslly derived. This
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perspective is supported by the correlation of @ng 46 and former Building 71 adits with
spring locations mapped in the late™&entury. It is further supported by discovery bé t
geologic structure responsible for both these gpriwhich is the low point of a contact between
overlying relatively permeable fractured and disattted translational/rotational slide deposits
comprised of Moraga Formation volcanic rocks oveadyrelatively impermeable sedimentary
rock of the Orinda Formation.

As mentioned, the oldest drawing extant drawinghyoknowledge showing the Building 46 adit
presents a cross section through an unsupportédveatia plan for providing timber support.
The section indicates both the entrance and deepesbn of the adit have been partially filled
by material collapsed either in whole or part frira roof. According to the drawing, the portion
of the adit shallower than the collapsed matetigha back was to be supported with timber sets
with intervening lagging. The rear, partially cq$ed section of the adit was to remain
unsupported. Inspection of the current adit wallggests these timber sets were installed and the
rear portion of the adit was left unsupported.

This drawing indicates the reason for upgrading #tiucture was to provide a floor vault in the
deepest supported portion of the adit for storiimgsf from the Cyclotron, presumably recording
particle tracks before and after collisions. Oratdry suggests these films were subject to
additional exposure by cosmic rays, and thereftoeng them in the adit would better preserve
them.

The next set of drawings showing the adit concésnesupport. One drawing documents failure
areas of the timber lagging. Two resupport strategre presented, one involving removal of the
timbers and installation of an elliptical steeldinand the other bracketing the timber sets with
angle steel, replacing the wood lagging with cotectegging, and installing a floor drain and
concrete floor. Inspection of the Building 46 adidicates the second strategy was implemented,
and subsequently covered in shotcrete at an umdieted date.

The next activity in the adit according to HaroldoNMgnburg was its retrofit for monitoring
ground movements as part of an accelerator sithy stuthe 1970s. Mr. Wollenburg participated
in the installation and reading of a mercury mantemiz the supported portion of the adit and of
a plumb bob hanging from the ground surface int® #dit via a steel-cased vertical shaft
advanced from the surface to a location approxiiydt0 feet into the adit for the purpose. The
readings from these instruments indicated theitiédlsnoved up and out of slope during the rainy
season and “relaxed” back during the dry season.

My engagement with the adit commenced approximaf€92 at the time of my initial
involvement with the Environmental Restoration Remg (ERP). | was tasked with
understanding the geologic structure of the areatduhe presence of a groundwater plume of
chlorinated aliphatic hydrocarbons (VOCS) in theinity. | entered the adit to determine was
rock types might be exposed. If my recollectiorrasrect, | found two core holes, one angling
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down through the shotcrete and concrete laggingpesouth side wall and the other through the
concrete floor. These holes were both a considerdistance into the supported section of the
adit. The boring through the floor was partialljeiil with water, presumably groundwater. Both

holes encountered the contact between the volgaaterials and the Orinda Formation, and
provided useful data points in the formulationttd geologic model of the area.

Note at this time, and up until the mid-90s, thidcanic material was taken to be the Moraga
Formation, rather than landslide deposits derivesinfthe Moraga Formation. The latter

interpretation emerged in the mid to late 90’s Haggon a variety of observations and various
chains of reasoning.

At the time of the 1992 inspection, | observed lthek portion of the adit was unsupported and
partially collapsed during this inspection. Thisultbbe observed from the safety of the rear area
of the structurally supported section adjacent e floor vault. Corrugated metal sheets

partitioned off the unsupported section beyond, these could be moved aside to view this

section. All of the observable material and expesun this unsupported section were comprised
of sedimentary rock of the Orinda Formation. | aldserved the based of the vertical shaft with

the plumb bob still present during my 1992 inspmcof the adit.

The geologic information garnered from the 1992 audion indicated that the contact between
the volcanic material and the underlying Orindankation dips slightly out of slope, intersects
the invert of the adit approximately midway alotg) length and the ceiling (also known as the
“back” in tunneling terms) of the adit in the supjgal section near its furthest extent.

| believe after my 1992 inspection of the aditdeologic investigation, a discussion ensued with
EHS personnel concerning the appropriate levelasitrol regarding access to the adit. One
outcome was posting the rear, unsupported secfidheoadit as a confined space. A sticker
communicating this was affixed to the northernnastugated metal sheet partitioning off this
area. | do not recall the rest of the adit beingjgieated a confined space at that time, although |
have some recollection the entry door may have besgred where it wasn’t previously. It is
also possible these actions were taken after tB8 ERP activities in the adit described below
based upon some weakness in my recollection dirtfieg.

Despite oral history indicating the adit was crdate enhance groundwater flow for local water
supply, no groundwater appears to flow into or @uthe adit. This is interpreted as due to the
installation of a subdrain running along the ead# sf Building 46 in the alleyway between the
adit and the building. This subdrain intersects #ame contact as the adit, but at a lower
elevation (the contact dips out of slope in thisalion). This subdrain is capturing considerable
groundwater, with the amount fluctuating season&lgnsequently, it appears this subdrain has
lowered the groundwater table below the elevatibrthe adit invert. Note the subdrain was
likely installed during repair and mitigation ofetil973 landslide to the north of adit. This
landslide moved the northern half of Building 4@agximately a half meter west.
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The ERP subsequently decided to drill holes inthéeadit to further characterize the location of
the contact between the . The purpose of theseswels to further characterize the VOC
groundwater plume. A company specializing in pdddiydraulic drilling and well construction
was contracted for this work with me as the attegdjeologist. Two borings were drilled in
1993. Well casings were installed in these borittgsollection of groundwater samples as a
secondary objective. My recollection is that nokfitlowvas installed around these well casings.
The wells were designated SB46adit-93-G1 and SB#68dG2. | recall generating logs of
these borings recording the geologic observatiodsperhaps the well construction. If these logs
exist, David Baskin in EHS’s Environmental Servi€éaoup either have them or know how to
access them. In addition groundwater samples weltected from the wells and water level
likely measured. Again, David Baskin would be dbl@rovide this data if you are interested.

Both borings were drilled and wells installed wiihancident. During tear down and removal of
the drill rig on the second boring, though, a tragning along the south structural support wall
of the adit was disturbed. Mercury was subsequetiberved pooling on the floor of the adit in
the vicinity of this second boring (although it didt come near to entering the boring). All
personnel evacuated the adit, and | contacted emeygservices. The LBNL Fire Department
and one or more personnel from the Environment/thlemd Safety Division (EHS) arrived on

the scene.

Despite knowledge from Harold Wollenburg concernthg historic presence of a mercury
manometer in the adit, no one including myself giduo inspect for its presence ahead of well
drilling. Upon observing the mercury on the tunfiebr subsequent to upset of the tray on the
wall, | immediately realized that the manometer wt#§ present and at least partially filled.

A hand held monitor was used by one of these pemoto measure the concentration of
mercury vapors in the adit. The concentration veamd to be too high to allow entry of drilling

personnel to finish retrieving the drill rig. Thedia and drill rig were subsequently

decontaminated by personnel from or under the sigien of the EHS Division over the next

few days. As part of this remediation, an approxetyaone pint bottle perhaps one-third filled
with mercury was found at one end of the manomater removed. The drilling crew returned
after completion of this work and retrieved thejugment.

After 1993, | do not recall physically entering tait. My next significant discussion concerning
the adit occurred in 2007 while consulting on thiespective Next Generation Light Source
(NGLS) tunnel. In this capacity | was put in contadth Dick McDonald, an engineer at SLAC
National Accelerator Laboratory involved with thendc Coherent Light Source project, which
involved various styles of tunnel.

The Building 46 adit was discussed during my cosagon with Mr. McDonald. He
recommended constructing a bulkhead partitionirgstipported and unsupported sections of the
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adit, and injecting a low-strength concrete (somes called controlled density fill) through the
bulkhead to fill the unsupported section.

I did not inquire why this engineer made this reomendation as it was apparent to me that
leaving an unsupported void in the subsurface eflab was not best practice. On 5 June 2007 |
sent this recommendation to the Work Request Cefieemail. Fred Angliss of the Facilities
Division subsequently contacted me by phone toudisdhe issue. He concluded that the lab
would not take the recommended course of action.sStatus quo would remain.

This is the sum of my knowledge and memory of tiséohy of the Building 46 adit at this time.
If you have further questions, please feel freeciatact me.
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